Enhanced survival mechanisms of malignant cells in combination with elevated levels of drug transporters can sustain an undesirable resistance against drug therapy. Short interfering RNA (siRNA) delivery against targets involved in aberrant mechanisms is a promising approach and we hypothesize that simultaneous silencing of multiple targets could prove more advantageous than common approach to silence individual targets. To explore this approach, we targeted anti-apoptotic proteins myeloid cell leukemia 1 (Mcl-1) and survivin along with the efflux pump P-glycoprotein (P-gp) in drug-resistant breast cancer cells. Polymeric siRNA delivery was employed for this purpose by using small polyethylenimine (PEI) substituted with lipids. While silencing Mcl-1 caused B90% cell death in wild-type cells, this effect was less significant in P-gp over-expressing cells. An additive effect for Mcl-1 and P-gp silencing was evident in the latter cells, where simultaneous silencing of these targets created a significantly higher effect compared with silencing each individual target. Prolonged exposure of wild-type cells to doxorubicin (DOX) resulted in upregulation of P-gp, breast cancer resistance protein, survivin and Mcl-1. Dual silencing of P-gp and Mcl-1 again resulted in an additive effect in resistance-induced cells, which displayed an increased dependency on Mcl-1 for survival. Cytotoxic effect of DOX was also enhanced in resistance-induced cells after silencing Mcl-1. We conclude that polymer-mediated siRNA delivery can silence multiple targets simultaneously and reverse drug resistance.
INTRODUCTION
Drug resistance is a major cause of failure of chemotherapy in cancer, where the malignant cells frequently become resistant to multiple drugs with unrelated molecular structures. The overexpression of membrane efflux proteins, such as P-glycoprotein (P-gp; MDR1), which deports different drugs out of cells, has a major role in drug resistance. 1 However, P-gp inhibition by conventional medicinal agents has shown little benefit in overcoming drug resistance in clinical studies, 2, 3 which is indicative of involvement of additional or alternative mechanisms in alleviating cytotoxic effects of the drugs. Several studies suggested a shift in the intracellular balance between proapoptotic and anti-apoptotic proteins contributing to drug resistance, including drug resistance in breast cancer cells. 4 Inhibitors of apoptosis proteins, including survivin 5 and Bcl-2 protein family such as Bcl-2, Bcl-XL and myeloid cell leukemia 1 (Mcl-1), 6 are among the anti-apoptotic proteins overexpressed in malignant cells and have been shown to correlate with multidrug resistance. 7, 8 The anti-apoptotic mechanisms have been previously linked to drug transporter activity; P-gp overexpressing LR73 fibroblasts, in addition to displaying drug resistance, were shown to resist apoptosis arising from serum starvation. 9 P-gp was suggested to interfere with Fas-or tumor necrosis factor-a-induced cell death mediated by the caspases. 10, 11 Co-expression of P-gp and Bcl-x 12 and a drug-independent role for P-gp to inhibit apoptosis were shown in vitro in acute myeloid leukemia cells. 13 To eliminate drug resistance in malignant cells, it is necessary to silence the expression of aberrant molecules responsible for drug resistance. Specific silencing of proteins could be achieved via short interfering RNA (siRNA), but the highly labile and anionic siRNA is ineffective on its own as siRNA binding to cell-surface membranes and subsequent internalization is not possible. Although efficient RNA interference could be achieved with viral vectors, the clinical drawbacks associated with viral vectors makes non-viral approaches to siRNA delivery more desirable. Cationic polymers can assemble the anionic siRNA into nanoparticles via ionic interactions with the siRNA and offer safe alternatives for clinical use. We recently employed a low molecular weight (2 kDa) polyethylenimine (PEI) to deliver siRNA against mediators of drug resistance after substituting lipid moieties on the polymer. Lipid substitution enhanced the assembly (z-potential) and hydrophobicity of the nanoparticles, allowing efficient silencing of drug transporters P-gp 14 and breast cancer resistance protein (BCRP), 15 and the anti-apoptotic protein surviving 16 in different cell lines. Among the different lipophilic groups, linoleic acid (LA)-modified PEI was most effective in silencing individual targets and sensitizing the cells to drug therapy. Given the induction of multiple mechanisms for drug resistance, however, it is likely that such a 'mono' therapy will not be beneficial in obviating the drug resistance. A more effective approach will involve delivering siRNAs to target multiple targets responsible for the complementary mechanisms of drug resistance.
This study focused on developing a more comprehensive approach to overcoming drug resistance in breast cancer. We hypothesized that silencing complementary targets involved in drug resistance and cell survival will lead to a therapeutic effect superior to silencing individual proteins alone, which was considered an additive effect. We further hypothesized that polymeric delivery of siRNA is an effective approach to silence complementary targets. To test these hypotheses, we employed the drug efflux protein P-gp and the anti-apoptotic proteins survivin and Mcl-1 as targets, whose expressions are linked to adverse outcomes in clinical therapy. 17, 18 Breast cancer cells modified for P-gp overexpression or adopted to growth in the presence of doxorubicin (DOX) were employed as drug-resistant models in this study.
MATERIALS AND METHODS

Materials and cell lines
The sources of all reagents used are provided in the Supplementary Information. The binding efficiency of the lipid-substituted polymers to siRNA and the properties of the resulting nanoparticles were reported previously 14 and will not be repeated here. Wild-type (MDA-MB-435wild-type (WT)) and P-gp overexpressing human breast cancer cells (MDA-MB435multi-drug resistance (MDR)) were kindly provided by Dr Robert Clarke (Georgetown University, Washington, DC) and cultured as described before.
14 Drug-resistant cells were developed through exposure to DOX via two different methods: (a) gradual dose increase and (b) shock exposure. In the gradual method, MDA-MB-435WT cells were exposed to increasing doses of DOX, starting from 0.2 mg ml À 1 (B20% of the inhibitory concentration for 50% cell death), and continuing with 0.5, 0.75, 1.0, 1.5 and 2.0 mg ml À 1 . Cells were exposed to each concentration for three passages, and frozen at the end of each stage. These cells were labeled with 'G' for 'gradual' and the last employed DOX concentration: for example, 2G: cells exposed to gradually increasing DOX concentration up to 2 mg ml À 1 . Samples of 0.75G, 1.5G and 2G cells were maintained in medium containing 0.2 mg ml À 1 DOX for ongoing experiments. In the 'shock' method, MDA-MB-435WT cells were exposed to either 0.5, 1.0 or 2.0 mg ml À 1 DOX (equivalent to 0.5 to 2 Â inhibitory concentration for 50% cell death), and surviving cells were maintained in medium containing 0.2 mg ml À 1 DOX. These cells were designated as 0.5S, 1S and 2S cells, respectively.
Methods
Protein silencing with siRNA. Cells were grown in 24-well plates at B20% confluency (B1.5 Â 10 5 cells) with 300 ml of medium. The polymer/siRNA complexes were prepared in sterile tubes using both scrambled siRNA and specific siRNA with polymer:siRNA weight ratios of 2:1, 4:1 or 8:1 (corresponding to 54 nM siRNA, with 1.5, 3.0 and 6.0 mg ml À 1 polymer in culture medium) and added to the wells in triplicate. The plates were incubated at 37 1C for 48 h (for P-gp silencing) or 72 h (for survivin or Mcl-1 silencing). To assess P-gp levels, the medium was removed and 10 ml FITClabeled P-gp antibody was added to each well, and plates were incubated at room temperature for 45 min. The cells were washed with Hank's balanced salt solution (HBSS) (3 Â ), trypsinized and fixed. P-gp silencing was quantified by a Beckman Coulter QUANTA SC (Brea, CA, USA) flow cytometer (FL1) as described in Aliabadi et al. 14 To analyze survivin levels, the cells were trypsinized, fixed and transferred to test tubes. Cells were permeabilized with a 0.05% Triton X100 (in HBSS) and incubated with fluorescein-conjugated anti-survivin monoclonal antibody for 45 min at room temperature. After washing with the permeabilizing solution (2 Â ), cells were resuspended in HBSS and analyzed in flow cytometry. 16 For multiple protein silencing, polymer/siRNA complexes were prepared as a single polyplex formulation with a mixture of two siRNAs, each giving a final concentration of 54 nM in medium (preparation of two different polyplex formulations and simultaneous treatment with these formulations was studied as well, the results of which showed no significant difference; data not shown). As the optimum polymer:siRNA ratio was different for the selected targets (2:1 for survivin and 8:1 for P-gp), 14, 16 a polymer:siRNA ratio of 4:1 was selected for multiple silencing experiments. All possible combinations involving survivin (S), P-gp (P), Mcl-1 (M) and control (C) siRNAs were included in these experiments.
Reverse transcription PCR (RT-PCR) and quantitative PCR (qPCR). Cells were exposed to siRNAs in 6-well plates and washed with HBSS at indicated time points before treatment with RLT buffer. The cell lysates were then passed through a shredder and total RNA was isolated by using the RNeasy Mini Kit. The extracted RNA was quantified by spectrophotometry and samples were frozen at À 20 1C until analysis. To synthesize the complementary DNA (cDNA), 0.5 mg total RNA was reverse transcribed by using random hexamer primer and dNTP mix, and heated at 65 1C for 5 min. Synthesis buffer (5 Â ), dithiothreitol (0.1 M) and RNAout RNase inhibitor (1.8 U ml À 1 ) were added, and the solutions were incubated at 37 1C for 2 min. MMLV RT enzyme was added to the solutions and incubated at 25 1C for 10 min, 37 1C for 50 min and 70 1C for 15 min for cDNA synthesis. For amplification, 100 ng of the synthesized cDNA was mixed with 10 Â ThermPol Buffer, dNTP mix (5 mM), forward and reverse primers (3 mM each), and Taq polymerase (5 U ml À 1 ). The housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (for RT-PCR) and b-actin (for qPCR) were also amplified as controls. For the RT-PCR, the samples were run on a 0.5% agarose gel and quantified by densitometry. Real-time PCR was performed on an ABI 7500 HT (Grand Island, NY, USA) with human b-actin was determined as the optimal concentration based on the standard curves. Analysis was performed by calculating DC T , DDC T and relative quantity compared with the 'no treatment' group.
Cellular accumulation of DOX. The cells in 24-well plates (500 ml per well) and at B20% confluency (B1.5 Â 10 5 cells) were incubated with 2 mg ml À 1 DOX (B20% of the regular dose used throughout the study for cytotoxic effect) for 24 h, trypsinized and suspended in 3.7% formalin (in HBSS). DOX accumulation was quantified with a Beckman Coulter flow cytometer (FL-2 channel) to determine the mean fluorescence intensity (equivalent to intracellular DOX concentration) and the percentage of DOX-positive cells.
14 Evaluation of cell viability. The cell viability was evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium) assay in 24-well plates. The cells were exposed to polymer/siRNA complexes or desired DOX concentrations (stock solution of 1 mg ml À 1 in isotonic NaCl) alone or in combination with siRNA treatment (after 48 h exposure to siRNA complexes). The cells were incubated for 24 h after DOX addition and then 40 ml of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium solution (5 mg ml À 1 in HBSS) was added to each well. After 2 h of incubation at 37 1C, the medium was removed, 500 ml of DMSO was added to dissolve the crystals and optical density of the wells was measured at 570 nm. The results were normalized to untreated cells (taken as 100% viability).
Assessment of apoptosis. Level of induced apoptosis in treated cells was evaluated using the FlowTACS Apoptosis Kit (Trevigen; Gaithersburg, MD, USA) (based on free 3 0 -OH modification of terminal deoxynucleotidyl transferase) and fluorescent microscopy. Level of apoptosis was quantified by the flow cytometer (FL1) for percentage of cells positive for apoptosis and the mean fluorescence in total cell population. In order to ensure the labeling reaction and the validity of the test, a positive control was included in each set of experiments, where the 'No Treatment' cells were treated with a nuclease solution to create DNA fragmentation. Calibration was performed by gating against a cell population treated with normal saline, identified as 'No Treatment' (1-2% of the total population). For microscopic imaging, a combination of acridine orange/ethidium bromide was used. Dyes were added to the cells in 6-well plates simultaneously (5 mg ml À 1 ), plates were centrifuged at 600 r.p.m. for 5 min and cells were observed under a fluorescent microscope. While acridine orange penetrates all cells and stains the nucleus green, ethidium bromide stains the cells (red) only after membrane integrity is lost.
Statistics. The data were presented as mean ± s.d. and analyzed for statistical significance by unpaired Students t-test (assuming unequal variance; a ¼ 0.05). The combinational silencing was considered beneficial and to create an additive effect, when a significant increase was observed in the silencing effect with a combination of siRNAs compared with silencing of each individual target.
RESULTS
We have previously reported physiochemical properties of polymer/siRNA complexes formed with a library of lipid-substituted low molecular weight PEIs, as well as the siRNA delivery efficiency using different polymer/siRNA weight ratios in the MDA-MB-435 cells. 14 We also showed that LA-substituted PEI (PEI-LA) was effective in silencing P-gp in MDA-MB-435MDR cells, but caprylic acid-substituted PEI (PEI-CA) was more effective in silencing survivin in MDA-MB-231 cells. To identify the optimal polymer for siRNA delivery, initial studies explored P-gp silencing in MDA-MB-435MDR cells and survivin silencing in MDA-MB-435WT and MDR cells (Supplementary Figure 1) . After 48 h exposure to polymer/siRNA complexes, P-gp silencing obtained by both PEI-LA and PEI-CA was equivalent (B40%). The survivin silencing was also achieved with PEI-CA and PEI-LA in both MDA-MB-435WT and MDR cells. While PEI-CA was more efficient in survivin silencing in MDR cells (B48% silencing), PEI-LA was equally efficient in both cell lines (37-38%). A preliminary screening of a library of lipid-substituted PEIs for Mcl-1 silencing showed PEI-LA to be the most effective polymer in this regard (data not shown). Therefore, as the silencing accomplished with the two polymers was generally comparable for survivin silencing, we employed only PEI-LA for the rest of the studies.
Mcl-1 silencing and cell viability Three different polymer:siRNA ratios were evaluated to investigate the effect of Mcl-1 silencing on cell viability. In MDA-MB-435WT cells treated with Mcl-1 siRNA (Figure 1a-i) , cell viability progressively decreased with increasing polymer:siRNA ratio and 490% cell death was observed at the ratio of 8:1. A similar pattern was seen in the MDA-MB-435MDR cells (Figure 1a-ii) , where the highest cell death was achieved with the ratio of 8:1; however, the level of cell viability was higher in comparison with MDA-MB-435WT cells. Increasing the polymer:siRNA ratio increased the toxicity of siRNA complexes as cell viability exposed to control siRNA was slightly decreased in both cell types (Figure 1a) . The dose-response of siRNA-mediated Mcl-1 silencing was then explored (Figure 1b) . There was no effect of Mcl-1 siRNA treatment until 5 nM siRNA, but a gradual decrease in cell viability was obtained at higher concentrations, with MDA-MB-435MDR cells displaying less sensitivity to Mcl-1 silencing. A microscopic evaluation of the effect of Mcl-1 silencing (54 nM) in both cell lines confirmed apoptosis induction, based on ethidium bromide penetration into the cells and fragmentation of nucleus stained with acridine orange (Figure 1c ).
Combinational silencing of P-gp, Mcl-1 and survivin Combinational silencing of the chosen targets was then attempted in MDA-MB-435MDR cells (Figure 2 ). Both RT-PCR and qPCR were performed to evaluate the silencing efficiency at the messenger RNA (mRNA) level. In RT-PCR, a similar silencing pattern for all three proteins was obtained at 12-48-h time points. While survivin mRNA was slightly decreased after 24 and 48 h in SC group, a significant drop in survivin mRNA levels was clearly observed when a mixture of survivin and P-gp siRNAs was used (Supplementary Figure 2i) . Unlike survivin, Mcl-1 mRNA levels were significantly reduced in all three time points when the cells were treated with Mcl-1 siRNA (MC group) and with a mixture of Mcl-1 and P-gp siRNAs (MP group) (Supplementary Figure 2ii) .
The levels of P-gp mRNA also followed a similar pattern to that of Mcl-1 (Supplementary Figure 2iii) . Based on these results, we selected the 48-h time point for the qPCR experiment with the same treatment groups. A similar pattern was observed in the qPCR study: while a 38% decrease in the survivin mRNA was achieved with SC group (compared with NT group), double silencing with SP group resulted in a 52% drop; Mcl-1 silencing with MC group accomplished B50% decrease in Mcl-1 mRNA, MP group treatment showed B80% difference from the NT group; and finally, while the P-gp mRNA level was not significantly different in PC and SP groups (48% and 51%, respectively), the P-gp expression level showed a 56% drop in MP group, which was significantly lower than the PC group (Figure 2a) .
The effects of P-gp, Mcl-1 and survivin silencing on cell viability are summarized in Figure 2b . Silencing of P-gp (PC group) caused a significant drop in cell viability with 10 mg ml À 1 DOX, but not without the DOX treatment. Silencing Mcl-1 and survivin separately (MC and SC groups) caused B65 and B55% drop in cell viability, respectively, but DOX treatment did not change cell viabilities for these groups. The double silencing of Mcl-1 and survivin produced similar cell viabilities to Mcl-1 silencing alone with no additional effects. However, when P-gp was silenced simultaneously with survivin or Mcl-1 (SP and MP groups), cell viabilities were further decreased as compared with survivin or Mcl-1 silencing alone (SC and MC groups). No further changes in cell viability were noted with MP and SP groups after addition of 10 mg ml À 1 DOX, as cell viability after the siRNA treatment alone was already very low. A significant increase in the level of apoptosis for DOX-treated cells was evident after P-gp silencing (Figure 2c Changes in induced drug-resistant cells The DOX-exposed 0.75G and 1S cells had a DOX inhibitory concentration for 50% cell death that was equivalent to P-gp overexpressing MDA-MB-435MDR cells (410 mg ml À 1 DOX), and significantly higher than the MDA-MB-435WT cells (Figure 3a) . The relative DOX accumulation (evaluated using a lower dose of DOX than the dose used for cytotoxic effect; Figure 3b ) also followed a similar pattern; while the MDA-MB-435WT cells had significant DOX accumulation, the 1S and 0.75G cells showed limited DOX accumulation that was comparable to MDA-MB-435MDR cells. Changes in P-gp, BCRP, survivin and Mcl-1 expression were then investigated in developed cell lines (0.2G, 0.5G, 0.5S and 1S). The P-gp mRNA levels increased as a result of exposure to DOX (Figure 3c ), where the gradual and shock DOX exposure resulted in relatively similar increases in P-gp mRNA. The levels of BCRP mRNA showed a similar increase, where the increase at 1 mg ml À 1 DOX was more significant than the P-gp (B10-fold vs WT; Figure 3c ). An increase was also apparent for the Mcl-1 mRNA, which was matched with an increase in survivin mRNA levels at 1 mg ml À 1 DOX exposure. 26 has been reported by employing siRNA delivery against the individual targets. Mcl-1, the focus of this study, was initially identified as an immediate-early gene expressed during PMA-induced differentiation of ML-1 myeloid leukemia cells. 27 Mcl-1 is primarily localized to outer mitochondrial membrane and promotes cell survival by inhibiting mitochondrial cytochrome c release via suppression of proapoptotic activities of Bim, Bax and Bak. 28 Expression of Mcl-1 is frequently elevated in malignancies, 29, 30 and high Mcl-1 expression was associated with resistance to drug or radiation therapy. 31 Mcl-1 silencing can sensitize malignant cells to effects of proteasome inhibitors. 23 Clinically employed signal transduction inhibitors NVP-BEZ235 32 and sorafenib, 18 and cyclin-dependent kinase inhibitor roscovitine 33 led to downregulation of Mcl-1, whose silencing was sufficient to mimic the drug effects in some cases. A recent preclinical study in acute myeloid leukemia model also demonstrated tumor suppression via anti-Mcl-1 short-hairpin RNA. 34 The present study along with these studies collectively emphasized the promise of this target for therapeutic purposes. 
We previously reported successful delivery of siRNA using lipidsubstituted PEIs, [14] [15] [16] where the hydrophobic moieties on PEI enhanced the cellular uptake of polymer/siRNA complexes dramatically as compared with native PEI, without a significant increase in polymer toxicity. These polymers were now found to be successful in Mcl-1 silencing in wild-type and drug-resistant cells. The loss of viability was significantly higher in wild-type cells, which indicated resistance of P-gp-overexpressing cells to apoptosis induction owing to Mcl-1 silencing. Involvement of P-gp in innate resistance of tumors has led to studies exploring anti-apoptosis roles for P-gp. 35 We observed lower levels of targeted mRNAs in dual silencing groups as compared with single silencing groups, indicating a beneficial effect of P-gp silencing on Mcl-1 and survivin silencing (and vice versa). The more effective silencing with dual siRNA delivery was reflected in more potent cell death after Mcl-1 and P-gp siRNA delivery. The same effect was not observed for dual silencing of survivin and P-gp, indicating a stronger functional dependence between Mcl-1 and P-gp. Nevertheless, increased cell death observed with dual silencing should enable more potent siRNA therapy, ultimately helping to reduce siRNA and/or drug doses needed in clinical studies. This approach provides considerable specificity toward cancer cells owing to overexpression of selected targets in these cells. We have recently performed siRNA screenings with an apoptosis library (which includes both survivin and Mcl-1) on the MDA-MB-435WT cells, as well as human skin fibroblast cells (representing a non-cancer cell line). While both Mcl-1 and survivin silencing caused cell death in the breast cancer cell line and were hits in the screening, no significant drop in cell viability was observed in the skin fibroblast cells as a result of silencing these proteins, which provided additional evidence for the specificity of this strategy for cancer cells (data not shown).
As P-gp overexpression by viral means (that is, in the case of MDA-MB-435 cells) might not be representative of clinical scenario, drug resistance was induced in a more clinically relevant manner. Levels of mRNA for P-gp, BCRP, survivin and Mcl-1 showed a significant jump at the earliest stage of induction (0.2 mg ml À 1 ) compared with the naïve cells; the next significant increase was not observed until 1 mg ml À 1 DOX, which indicated the importance of treatment dose on the subsequent adaptation. While overexpressions of DOX efflux proteins P-gp and BCRP were expected, increases in Mcl-1 and survivin are also noteworthy, as it indicates the possibility of crosstalk with the transporters. In dual silencing experiments, Mcl-1 and survivin silencing did not have any significant effect on DOX accumulation in the MDR cells or 0.75G cells, unlike the P-gp silencing. The cells conditioned at higher DOX levels reacted differently; a beneficial effect in DOX accumulation was evident for simultaneous silencing of P-gp and survivin or Mcl-1. The viability studies also showed that cells conditioned at high DOX concentrations responded better to single silencing of Mcl-1 (even better than WT cells in some cases; Figure 4 ). This outcome was indicative of increased reliance of induced drug-resistant cells on Mcl-1, which may prove to be ideal for sensitizing malignant cells.
A common pathway for expression of P-gp and anti-apoptotic proteins was recently elucidated. PI3K/Akt has been shown to regulate survivin and Mcl-1 expression in breast cancer cells 32, 36 and Akt pathway might block apoptosis via increased survivin levels. 37 Akt pathway may be also involved in overexpression of Mcl-1; 38 Akt enhances the transcriptional induction of Mcl-1 and blocks inhibition of translation of several proteins, including Mcl-1, by 4EBP1. 39 Furthermore, the PI3K/Akt pathway has been shown to modulate P-gp expression. 40 More than one pathway are likely to have a role in P-gp expression, which could include translocation of nuclear factor kappa B 41 and nitric oxide produced by NO synthase, 42 both of which have been linked to PI3K/Akt pathway. 43, 44 Consistent with these connections, Ji et al. siRNA-mediated dual silencing of Mcl-1 and P-glycoprotein HM Aliabadi et al resistance in leukemia cells. 45 Our results in breast cancer cells based on a more clinically acceptable approach to RNA interference (that is, polymer-mediated siRNA delivery) are consistent with this observation. In addition to the direct effect ) for 24 h and cell viability was assessed. While MDA-MB-435WT displayed the expected DOX effect, a further decrease in cell viability was seen in 2G and 2S cells after DOX treatment. (d) Viability of MDA-MB-435MDR and induced drug-resistant 0.75G and 2S cells after combinational treatment with control (C), P-gp (P) and Mcl-1 (M) siRNA. The cells were treated with 54-nM-specific siRNAs (polymer/siRNA ratio of 4:1) for 72 h, after which cells were treated with DOX (10 mg ml À 1 ) for 24 h and cell viability was assessed. The DOX treatment was most effective with P-gp silencing, Mcl-1 silencing alone or in combination with P-gp. Asterisks represent significant difference compared with the corresponding MC and MP treatment groups in the same cell line. w represents significant difference between the cell viability for the MC treatment group MDA-MB-435 MDR and induced resistant cells.
siRNA-mediated dual silencing of Mcl-1 and P-glycoprotein HM Aliabadi et al cells as compared with P-gp-overexpressing cells. Simultaneous silencing of P-gp and Mcl-1 or survivin enhanced silencing of targeted proteins at the mRNA level and led to elevated cell death. Wild-type cells that were rendered drug resistant by DOX exposure showed overexpression of P-gp, BCRP, Mcl-1 and survivin, and they became more susceptible to loss of viability after Mcl-1 silencing. Combinational silencing of anti-apoptotic and efflux proteins by polymeric siRNA delivery could overcome drug resistance and eradicate tumor cells more efficiently than previously pursued single-targeting strategies in breast cancer cells.
ABBREVIATIONS BCRP, breast cancer resistance protein; CA, caprylic acid; DOX, doxorubicin; HBSS, Hank's balanced salt solution; LA, linoleic acid; Mcl-1, myeloid cell leukemia 1; MDR, multi-drug resistance; PEI, polyethylenimine; P-gp, P-glycoprotein; RT-PCR, reverse transcription PCR; siRNA, short-interfering RNA; WT, wild-type
